Cancer can be regarded as an invasive organ that exhibits unique plasticity provided by coordinated, cancer cell-stromal cell communication in the tumour microenvironment. Typical stress factors in the tumour niche, such as hypoxia and acidosis, are major drivers and modulators of these events. Recent findings reveal an important role of extracellular vesicles and lipoproteins in cancer cell adaption to exogenous stress. Adaptive mechanisms include stimulation of angiogenesis and increased metastasis. Here, we will discuss the similarities and distinct features of these endogenous nanoparticles and their roles as signalosomes and nutrient sources in cancer. We will focus on the accumulating evidence for a central role of cell-surface heparan sulphate proteoglycans in the uptake of extracellular vesicles and lipoproteins.
Introduction
Cancer cells reside within a complex milieu known as the tumour microenvironment where they coexist with stromal cells of diverse origin immersed in an extracellular matrix (ECM). Stromal cells, including endothelial cells, pericytes, fibroblasts and immune cells support malignant progression in multiple ways by e.g. angiogenesis, immunosuppression and ECM remodelling. The recruitment and pro-malignant education of stromal cells involves information exchange by direct cell -cell contact as well as the release of soluble signalling molecules and extracellular vesicles (EVs). The initial driving force of this crosstalk is the oncogenetic profile of malignant cells, but stress factors such as hypoxia and associated acidosis have a key role already at early stages of tumour development. Genetic events together with these extrinsic factors thus shape a hostile microenvironment in which cancer cells either fail to adapt and die, or adapt and become the major drivers of disease progression and treatment resistance.
Hypoxia arises when the rapidly expanding tumour is insufficiently perfused by the existing vasculature. Moreover, intravascular thrombosis causes transient episodes of hypoxia followed by re-oxygenation [1] . How cells respond to hypoxic stress was unravelled by the finding of hypoxia inducible factors (HIFs) that are master regulators of oxygen homeostasis [2, 3] . The HIFs exert their function by transcriptional activation of several adaptive mechanisms that drive tumour cell invasiveness and metastasis. Tumour hypoxia is also linked to therapy resistance due to inadequate drug distribution as a consequence of distant or perturbed vasculature and the lack of oxygengenerated free radical species. Accordingly, hundreds of studies have documented how the overexpression of hypoxia-induced proteins associate with worse patient prognosis. Notably, none of these parameters has been routinely implemented as a prognostic or predictive biomarker in clinical oncology. This probably reflects the heterogeneous distribution of hypoxic regions in & 2017 The Author(s) Published by the Royal Society. All rights reserved. malignant tumours and the intrinsic challenge to standardize immunohistochemical scoring for clinical routine. Nevertheless, hypoxia-induced proteins, most importantly vascular endothelial growth factor (VEGF), are established targets in the treatment of cancer. However, it has become clear from clinical studies and, more importantly, experience from clinical reality that successful targeting of the tumour microenvironment requires a better understanding of the complex network of adaptive responses in cancer [4] . Here, we will review the functional role of lipoproteins and EVs as nanoparticle structures with metabolic and signalling functions in the tumour microenvironment.
Extracellular vesicles and lipoproteins in the
spotlight: who's who?
EVs are usually named according to their mode of biogenesis and include exosomes that originate from intracellular multivesicular bodies, microvesicles shed from the plasma membrane, and apoptotic bodies that are released by apoptotic cells. EVs are phospholipid bilayer particles, enriched in cholesterol and ceramides [5] , and recently have been established as carriers of various cargo, including proteins, RNAs, lipids and metabolites (reviewed in [6] ). Depending on subtype, EVs can be characterized by the enrichment of specific surface proteins, most importantly members of the tetraspanin family, such as CD63, CD81 and CD9. EVs are produced and found in most tissue types and fluids, including tumour, urine, seminal plasma, milk and blood, which is assumed to be their main systemic diffusion method along with rapid transfer by lymphatic vessels [7] [8] [9] [10] [11] . As the field of EVs expands, different heterogeneous populations of vesicles have been identified, and in a recent comparative study, novel markers and isolation methods were described [12] . EV subtypes may be secreted through different mechanisms, have distinct uptake mechanisms, and are potentially targeted to recipient cell types to mediate specific biological outputs, as will be discussed further below. However, to date there is no clear experimental distinction between microvesicles and exosomes, or a clear definition of subclasses within the respective type of EV species. Thus, unless stated otherwise, 'EVs' is used here as a common term for exosomes and microvesicles. The main lipoprotein classes, HDL, LDL, VLDL and chylomicrons, are lipid particles surrounded by a single phospholipid membrane, and are classically regarded as carriers of lipids. The relative ratio of triglycerides (TGs) and cholesterol as well as associated apolipoproteins (Apo) are the main defining characteristics of lipoprotein subclasses. Chylomicrons are absorbed in the gut from dietary sources while the other subtypes are endogenously produced mostly in the liver. Lipoproteins are transported through blood circulation but are also found in the lymph [13] , and cerebrospinal fluid for some types, where they can be locally synthesized [14] . In normal conditions, hepatic VLDL is degraded in the blood by endothelium-bound lipoprotein lipase (LPL), where it transfers TGs to peripheral tissues, hence getting enriched in cholesterol and further losing its ApoE at which stage it becomes LDL. In parallel, VLDL can be processed by cholesteryl ester transfer protein (CETP), losing its ApoB and ApoC and acquiring ApoA apolipoproteins to give rise to smaller, cholesterol-rich HDL particles.
More recent findings point at some important similarities between EVs and lipoproteins: (i) HDL and LDL lipoproteins were shown to carry and deliver miRNAs to target cells [15] ; (ii) EV preparations were shown to carry most apolipoproteins classes found on lipoproteins (ApoE, ApoB, ApoC-II, among others) [16] ; (iii) the size and density of EVs closely overlap with lipoproteins (figure 1); (iv) accordingly, current EV isolation techniques from blood samples resulted in HDL or LDL co-purification with EV fractions [17, 18] . Together, it can be concluded that EV depletion from lipoprotein preparations and vice versa poses a major challenge, and should be carefully considered in biomarker as well as functional studies. To what extent EVs are enzymatically modified by, for example, specific proteases and endothelial LPL during their systemic journey and how this may regulate their function and tissue homing remain to be defined.
Where do they go?
EVs and lipoproteins also share some common biodistribution characteristics. Tumour tissues readily have access to and metabolize circulating lipids ( [19 -21] and reviewed in [22 -24] ), and HDL as well as LDL have been shown to transcytose over the endothelial cell barrier [25] [26] [27] . Also, in conditions where the endothelial barrier integrity is compromised, i.e. in cardiovascular disease [28] or aggressive tumours, lipoproteins can have direct access deep into tissues. Similarly, in addition to their well-established interactions with endothelial cells and role in angiogenesis stimulation, EVs have been found to carry miRNAs that can increase vascular permeability and thereby facilitate breast cancer metastasis [29, 30] . EVs were shown to cross the blood-brain barrier by transcytosis, indicating that in addition to spread by local diffusion they can also travel and penetrate deeply into target tissues. One important difference, however, is the apparent circulating half-life between EVs and lipoproteins; whereas EVs are cleared from the circulation within minutes from injection [31, 32] 
Uptake mechanisms: evidence for a key role of heparan sulphate proteoglycans
Lipoproteins have been shown to interact with cell-surface heparan sulphate proteoglycans (HSPGs) [37, 38] for their clearance through classical, 'specific' receptors such as the low-density lipoprotein receptor (LDLR), low density lipoprotein receptor-related protein 1 (LRP1), very low density lipoprotein receptor (VLDLR) and the scavenger receptors (scavenger receptor class B member 1 (SR-B1), platelet glycoprotein 4 (CD36), among others). The glypicans and syndecans are cell-surface HSPGs conjugated with heparan sulphate (HS) chains of repeating hexuronic acid-N-acetylglucosamine disaccharide units sulfated at various positions to yield a highly polyanionic structure that interacts with stretches or patches of basic amino acids present in a wide variety of protein ligands. We and others have established HSPG as a key receptor in macromolecular internalization and intracellular membrane trafficking ( [39] , and reviewed in [40] ). Importantly, HSPG, most notably syndecan-1, has been shown to act as an independent endocytic receptor for remnant, TG-rich lipoproteins in the liver [41] . Several cooperative models are still discussed and seem to be highly tissue and microenvironment dependent. HSPG-bound LPL is another important mediator of lipoprotein binding and processing at the cell surface, partially through ApoE [42, 43] . In the atherosclerosis context, the role of HSPG in lipoprotein clearance by macrophages and foam cell formation is firmly established with increased binding and uptake through local particle and HSPG receptor modifications in the hypoxic and acidic plaque microenvironment [44 -46] . Interestingly, hypoxia and acidosis may also modulate the release and transfer of EVs in the tumour microenvironment; several reports have shown an increased release of EVs in response to hypoxia [47, 48] and oxidative stress [49, 50] , and acidic pH was shown to stimulate EV release as well as uptake through increased membrane fusion [51] .
Depending on their source and target cell, EV internalization may occur via multiple processes such as phagocytosis, macropinocytosis, receptor mediated endocytosis and direct membrane fusion [52, 53] . Importantly, as opposed to soluble ligands, EV interaction with target cells most probably depends on cooperative binding of multiple ligands available for high and low affinity interactions. This supposedly polyvalent nature of interactions is important when we try to conceptualize how EVs gain entry into target cells. A recent study found that following EV attachment to the cell membrane, EVs enter cells at specific, active sites, or endocytic hotspots [54] . After endocytosis, EVs were directed to the endoplasmic reticulum and sorted to lysosomes, where if they evade degradation they will deliver their content. Another study found that EVs co-localize with lipid raft markers in recipient tumour and endothelial cells, and it has been suggested that EV uptake is dependent on cholesterol-rich domains of the plasma membrane [55] . The lipoprotein scavenger receptor SR-B1 contributes to the cholesterol balance of the cell by controlling cholesterol efflux and influx between the cells and lipoproteins. In a study by Plebanek and colleagues, EV uptake was blocked by targeting SR-B1, hence disrupting the balance of membrane cholesterol [56] . Moreover, the lipid raft associated protein caveolin-1 was shown to negatively regulate EV uptake through suppression of p44/42 mitogen-activated protein kinases (ERK1/2) signalling [55] . This suggests an interesting link between lipoprotein uptake and the membrane composition of recipient cells with a direct effect on EV endocytosis.
How hypoxia regulates EV -cell interaction and EV uptake remains largely unknown. However, leukaemic cells and malignant lung tumours have been shown to crave lipoproteins [57, 58] , and tumours of various origins were shown to mobilize circulating lipids and lipoproteins for increased proliferation [59, 60] . We recently found that increased lipoprotein uptake and storage as LDs in hypoxic and acidic cancer cells were mediated by cell-surface HSPG [61] . Interestingly, EVs also bind to heparin (a HS mimetic) and we found that cancer cell-derived EVs are dependent on HSPG for their uptake [62] . The details of this interaction are currently under investigation, but EVs have been shown Figure 2 . Exosome-like EV uptake in U87-MG glioma cells in the presence or absence of VLDL. EVs were isolated and labelled with the lipophilic fluorophore PKH67 according to a previously published method [54] , and uptake (40 mg ml 21 ) for 1 h in the absence or presence of VLDL at the indicated concentrations was determined by flow cytometry. *p , 0.05. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160480 to be enriched in specific lipoprotein ligands, such as ApoE that could be potential binding partners of HSPGs [63] . This raises the question to what extent there is competition for cell-surface binding and/or uptake between lipoproteins and EVs. However, preliminary data from our group show that co-incubation of exosome-like EVs with VLDL could actually enhance the uptake of EVs, indicating possible feeding of both particle types into a common, high capacity entry pathway ( figure 2 ). This may occur either as separate particles or through direct co-association. Given that EVs have been shown to carry HS chains [62] , one may speculate on a direct EV -lipoprotein interaction or aggregation that could lead to material transfer between the two particle types as well as activation of downstream uptake pathways. In relation to these findings, fibronectin was shown to act as a bridge between the HS on EVs and HS on recipient cells, and a specific antibody against the fibronectin heparin binding domain could block EV-cell interactions [64] . The proteoglycan (PG) expression pattern is known to be altered in different pathological conditions, such as diabetes and cancer. During tumorigenesis, the expression and glycosylation pattern of PGs change in the stroma surrounding cancer cells that may influence tumour growth and neoplastic progression [65] . An increased expression of proteoglycan proteins, including lumican, decorin, versican and biglycan, has been observed in cancer tissues and cells [66] . To what extent this has implications for EV tumour tropism and biodistribution remains to be studied.
Functional roles of extracellular vesicles and lipoproteins
The net effect of EVs in recipient cells involves signalling at multiple levels, including EV -cell surface receptor interaction; EV-mediated transfer of genetic material; and transfer of metabolites and cytosolic enzymes. The relevance of these processes in tumour progression has been widely studied, and EV transfer has been implicated in every step of tumour development (reviewed in [67] and 68]) not only on their local environment but also in systemic target niches and organs [69] . EVs have been implicated in the metabolic adaptation that occurs in the tumour microenvironment where different cell populations establish a synergistic relation by exchanging metabolites encapsulated in EVs [70, 71] . Cell-cell crosstalk through EVs also includes inhibition of immune surveillance by EV-dependent generation of adenosine that may negatively regulate T cells in the tumour environment [72] . In a recent study by Thomou and colleagues, it was suggested that adipose tissue-derived EV miRNAs regulate gene expression at distant sites such as the liver, thereby interfering with systemic glucose metabolism [73] . Others investigated how liver derived EVs modulate the serum metabolome; ex vivo exposure of serum to EVs from hepatocytes modified the serum metabolite content hypothetically through the enzymatic activity carried by EVs [74] . Together, these studies point at the potential relevance of EVs in metabolic disease, but also during tumour progression as cancer cells are known to rely on reprogramming during adaptation to their microenvironment [75, 76] . Accordingly, we demonstrated that hypoxia results in increased glioma cell release of procoagulant EVs that could trigger endothelial cell activation in a paracrine manner [77] , and that hypoxia-derived EVs mimic the hypoxic response of glioma tumour cells resulting in enhanced in vivo tumour angiogenesis and growth [78] . Notably, the suggested tumour inhibitory effect of heparin and its derivatives [79] may, at least in part, be related to interference with EV-dependent procoagulant signalling and tumour angiogenesis in the hypoxic tumour niche. Upon binding, EVs depend on ERK1/2 signalling for their uptake [55] and downstream functional effects [62] through HSPGs. Similarly, in tumour hypoxia and acidosis, increased lipid and lipoprotein uptake along with de novo lipogenesis have been shown to enhance the proliferation of cancer cells from breast, sarcoma and prostate tumours [19] , survival and tumour progression of glioma [20] , and lung as well as oral cancer metastasis [61, 80] . Like EVs, LDL and Figure 3 . Schematic summary of HSPG-dependent particle uptake in the tumour microenvironment. Lipoproteins and EVs can potentially interact during circulation in the blood and lymph fluid. In the context of the tumour microenvironment, these particles reach tumour resident cells where they can be internalized through an HSPG-mediated mechanism. This process takes place in the cell membrane domains known as lipid rafts and is associated with ERK1/2 activation. HSPG-mediated lipoprotein uptake can induce lipid droplet formation in recipient cells and this may have implications for the tumorigenic potential of these cells. EVs, extracellular vesicles; HSPG, heparan sulphate proteoglycan; LD, lipid droplet; LPR, lipoprotein receptor; SR-B1, scavenger receptor class B member 1; VLDLR, very low density lipoprotein receptor.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160480 VLDL trigger a reinforced ERK1/2 signalling response through HSPGs, and this response was further increased in hypoxic conditions [61] . The lipid loaded phenotype observed in several cell types, especially in stressed regions of aggressive tumours, is an emerging hallmark of their adaptive capabilities [81 -83] . Interestingly, at least under acidic and hypoxic stress conditions, this adaptive response is dependent on HSPG-mediated recruitment of extracellular lipoproteins [61] . It remains to be investigated how lipoprotein and EV nanoparticles co-regulate downstream signalling events and how this coincides with their intracellular fate following HSPG-dependent endocytosis.
Concluding remarks
EVs and lipoproteins exhibit common structural and functional characteristics, which should be taken into account in the interpretation of previous and future data on their respective roles in physiology and in various pathological conditions, most importantly cancer ( figure 3) . In addition to their resemblance with lipoprotein particles, EVs also share similar characteristics with viral particles, as carriers of RNA and proteins [84] . Indeed, both lipoproteins and EVs can have an important role in viral infection; hepatitis C virus among others uses EVs [85] , lipoproteins [86] and the downstream lipid droplets [87] for infection and replication. Hence, EVs and lipoprotein mimetic particles are being developed as drug delivery vehicles due to their stability, half-life and targeting capabilities [88 -90] . Interestingly, lipoprotein-like particles have been shown to transfer lipids to EVs intracellularly following SR-B1-mediated uptake [91] , further highlighting the possible interplay between the two particle types.
Although the proteome of EVs has been mapped in several studies, limited information is still available on the EV surface proteome. Identifying potential binding ligands for HSPGs and alternative uptake receptors thus remain key challenges. Ongoing investigations should clarify whether heparin and other inhibitors of HSPG function also can block the tumour promoting effects of lipoproteins and EVs in hypoxic tumours in vivo. Further, as hypoxia and acidosis are general characteristics of aggressive tumours, and the stress response to a large degree is universal, a more general role of circulating EVs as dynamic biomarkers of the tumour cell signalling status may be envisioned.
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